A study was conducted to determine if an adaptive controller can recover level 1 handling qualities on a piloted, simulated aircraft in a degraded state. Four different aircraft models of varying handling qualities levels were used as a test data-set to determine if all four could be augmented via the adaptive controller to level 1 handling qualities. Two experienced test pilots were used to judge the aircraft flying qualities using the Cooper Harper Rating Scale, and then an attempt to correlate those results to a handling qualities rating is made.
I. Introduction
Adaptive control algorithms have given hope to a new level of flight vehicle robustness previously unachievable with traditional control methods. Recent Air Force Programs RESTORE (X-36) and JDAM have demonstrated the potential of adaptive controllers for compensation of modeling uncertainties and component failures. However, the major lesson learned during those programs was that the conventional model reference adaptive control scheme is very sensitive to time-delay, especially if one attempts to adapt fast. This has consequently led to a new paradigm for design of adaptive controllers, specifically The Theory of Fast and Robust Adaptation. [2] [3] [4] [5] [6] [7] [8] [9] The Theory of Fast and Robust Adaptation provides an ability for a priori prediction of the uniform performance bounds -for transient and steady-state -for system's input and output signals, and also analytical quantification of the gain and time-delay margin, similar to linear systems' gain and phase margin concepts. Various architectures of this theory, known as L 1 adaptive controllers, have been flight tested and validated against the theoretical claims.
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While it may be proven that an aircraft can be stabilized when in a degraded or unknown state, the flying qualities of the flight vehicle must be favorable if a piloted system is to be controlled, especially during critical phases such as landing or formation flight (air to air refueling). This paper describes a longitudinal study to evaluate the flying qualities of an adaptive controller used to compensate for a poorly performing aircraft's handling characteristics. Using a piloted, motion-based flight simulator an evaluation of flying qualities was conducted to collect pilot's opinions and ratings using the Cooper Harper 19 rating scale. A simplified F-16 model was used as the plant model to evaluate the controller. While simulator evaluations are limited in comparison to full flight test, it is a safe and cost effective way to conduct initial research in a realistic environment.
II. Background

A. L 1 Adaptive Control Architectures and Their Verification and Validation
As mentioned above, adaptive controllers have been successfully flight tested for recovering nominal performance in the presence of modeling and environmental uncertainties. 1, 20 While the stability of these schemes follows from Lyapunov's direct method, the robustness analysis (stability margins) are being determined from Monte-Carlo simulations. It has been observed that increasing the adaptation gain for better performance leads to high-frequency oscillations in the control signal and reduces the system's tolerance to the time-delay in the control and the sensor channels. The recently developed Theory of Fast and Robust Adaptation with its L 1 adaptive control architectures presented and analyzed in References, 4, 5, [7] [8] [9] [21] [22] [23] [24] [25] [26] [27] has addressed these limitations for a wide class of systems. It allows for fast adaptation with guaranteed, bounded away from zero time-delay margin. The speed of adaptation is limited by the hardware, specifically the computer processor.
Originally introduced in References 22, 23 for the class of systems with known high-frequency gain and constant unknown parameters, the underlying design paradigm of L 1 adaptive controller was later extended in 5, 21 to systems with unknown high-frequency gain, time-varying unknown parameters and disturbances without restricting their rate of variation. The analysis in References 5, 21 predicts the uniform performance bounds a priori for the system's input and output signals simultaneously, and also quantifies the stability margins, including the time-delay margin.
The underlying design paradigm of this new theory is the use of a low-pass filter in the feedback path that appropriately attenuates high-frequencies in the control signal typical for fast adaptation rates. Selection of the bandwidth of the filter follows from a small-gain type argument, which in its turn leads to guaranteed bounded away from zero time-delay margin in the presence of fast adaptation. While the adaptation law is still derived from conventional gradient minimization, the error signalx(t) used in that process is the one between the system state and its predictor, Fig. 1 . The fact that the adaptive law retains its structure, the upper bound on the norm ofx(t) remains proportional to the rate of variation of uncertainties and inversely proportional to the adaptation gain, as in conventional Model Reference Adaptive Control (MRAC). However, with the low-pass filter in the feedback path the L 1 adaptive controller readily avails the opportunity to increase the adaptation rate without leading the system into high-frequency oscillations, while the small-gain theorem invoked for the stability proof leads to uniform performance bounds -inversely proportional to the adaptive gain, and guaranteed, bounded away from zero time-delay margin in the presence of fast adaptation (see the analysis in Reference 7 for a simple scalar system and References 5, 21 for complete analysis of the closed-loop nonlinear system). 
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It is important to note that the L 1 adaptive control system is only intended to be active during a mismatch with desired aircraft performance (whenx = 0). This mismatch may occur first as a transient and then as an error from the desired state that may or may not be constant. The adaptive control system's route taken to drive this mismatch to zero will be key in determining the aircraft flying qualities while the adaptive controller is active. It is important, however, to not only look at an initial transient, but also at the long term response of the controller while active. For example if the adaptive controller is requiring 90% of pitch effectors to keep the aircraft trimmed and stable, a high rate pitch task may not be possible, and aircraft handling qualities would be affected purely by lack of control authority or possibly actuator rate limiting, and not just the dynamic controller response. While total system interaction by structural mode coupling and aeroservoelastic effects would be a major concern in aircraft implementation, it was not investigated in this study due to simulation complexity.
B. Aircraft Model and SAS
The aircraft model used for this study was a simplified F-16 model 29 that supports six degree of freedom motion. The aircraft model is a clean F-16 (no external loads), and does not contain math modelling for high lift devices (flaps or slats), landing gear, or ground effects. The model does contain an after-burning turbofan jet engine with appropriate throttle lags modeled. The control inputs are δ P LA , δ e , δ a , and δ r . δ P LA command is the power lever angle command (or throttle position), and its inputs range from 0 (flight idle) to 0.5 (full military thrust) to 1.0 (max afterburner), and is referenced as idle, MIL or MAX thrust, respectively. The three aerodynamic effectors are elevators (δ e ), ailerons (δ a ), and rudders (δ a ) all with a range of +/-25 o . The elevators are primarily used for pitch control, the ailerons for roll control, and the rudders for yaw control, with PLA being used as engine control. The aircraft model does not include a sensor model, but relies on use of the actual aircraft states. A simplified atmospheric model was used as well. The aircraft model places the cg location at 35% of the mean aerodynamic chord, resulting in an open loop unstable short period. The aircraft motion is described by the states found in Table 1 A simple control system was implemented to modify the short period characteristics of the F-16 model. A block diagram of the system is shown in Figure 2 . By feeding back the pitch rate and angle of attack the damping ratio and natural frequency of the short period was modified. This modification occurs by manipulating gains K1 and K2. The result is an augmented plant that can be easily changed to match Handling Qualities Ratings that are well documented. 30, 31 Four specific cases that can be found in Table 2 were created at a trim condition of steady, level flight, 10,000 ft MSL, 360 KEAS (709 ft/sec or 0.65 Mach), and an angle of attack of 1 degree. C. Facility
Simulator
The simulator used for this study was delivered to the Aerospace and Ocean Engineering Department of Virgina Tech on March 5th of 1996 from NAS Oceana in Virginia Beach. Originally an A-6E Intruder Operational Flight Trainer (OFT), the simulator was declared "in excess" when the Navy retired its A-6E's and replaced them with F/A-18's. The transfer was made possible with the help and support of research sponsors at Naval Air Systems Command Headquarters and at the Manned Flight Simulator branch of the Naval Air Warfare Center, Patuxent River, Maryland. A diagram of the simulation system can be found in Figure 3 . The left (pilot's) seat of the trainer cockpit represents the cockpit of a A-6E Intruder. The right seat has been modified to accommodate either an instructor or a flight test engineer with a computer driven CRT which can be custom configured with instrumentation as desired. The simulation computer has been converted to a SGI Origin 2000 computer. This allows the simulation of many different aircraft models, from a F-16 to a Cessna 152 to a Boeing 737 to a F/A-18. The A-6E Intruder aircraft flight controls, instruments, and systems, as well as its visual, aural, environmental, and motion sensations are combined with the desired aircraft software model to create a realistic flight experience. The three window visual display shows the surrounding terrain throughout take-off, maneuvers, and landing approach as a function of the aircraft attitude, altitude, and speed. Motion cues are provided by a three-degree of freedom cantilevered motion system. The simulator was originally procured by the Navy to provide pilot and air crew training for carrier based takeoffs and landings. While heavily upgraded, it retains its original capability. R is a real-time data viewing tool that allows its user to view parameters from the aircraft simulation while the test is occurring. IADS R is an industry standard tool that is used in flight test by NASA, the US Air Force, and US Navy. IADS R also archives the data it displays for analysis purposes after the test. IADS R allows the user to customize the data displayed on the computer screen allowing the user to create data screens that are tailored to each test's requirements. IADS R has served as an important evaluation tool allowing realtime data visualization during and post flight test. Examples of IADS R displays used in this study can be found in Figure 4 .
III. L 1 Controller Implementation
A high level diagram of the L 1 architecture implemented for this study can be found in Figure 5 . For design and analysis purposes the controller was first implemented as a linear system in Matlab Simulink R and then implemented in the nonlinear CASTLE simulation. For both the linear and nonlinear model cases the same L 1 controller was used. The augmentation scheme referenced in Table 2 was also used for both linear and nonlinear plants. The combination of augmentation schemes in Table 2 and the open loop aircraft model were used to create the Stabilized Plant block in Figure 5 .
The primary interest of this study was the short period mode of the longitudinal motion. The phugoid was left out of the L 1 design because it had no impact on the short period aircraft response. The lateraldirectional states were added to the controller for future use, but since no uncertainty in the lateral or directional motion is incorporated in this study they do not add any augmentation to the aircraft.
For this study the L 1 controller was first designed with a linear system approximation of the aircraft equations of motion. The linear approximation was then replaced with the full nonlinear 6-DOF equations of motion. The general equations for aircraft dynamics can be presented in state space form as:
where A m corresponds to case 1 in Table 2 , and the uncertainties are ω, θ(t), and σ(t). The predictor is defined asẋ
where the adaptive estimatesω(t),θ(t), andσ(t) are updated according to the following adaptation laws:
with Γ being the adaptation rate, while
The projection operator 33 is defined as:
A control law was then defined to provide command inputs to the augmented aircraft control system:
r u (s) is the Laplace transform of r u (t) =ω(t)u(t) +θ T x(t) +σ(t), and D(s) is any transfer function such that it leads to a strictly proper stable
The choice of D(s) and the gain k needs to ensure
For digital implementation, the 1/s is approximated by the Tustin approximation where
For this particular implementation of the L 1 controller the values used in Table 3 were used to configure the controller.
Controller Parameter 
IV. Results
A. Predicted HQR of Plant Models
Predicted longitudinal handling qualities were based off of eigenvalue analysis of the short period found in MIL-F-8785C. 30, 31 Cases 1, 2, and 3 in Table 2 were investigated using these criteria to ensure a broad range of airframe characteristics during flying qualities testing. The load factor (n/α) and short period frequency (ω n SP ) comparison can be seen in Figure 6 (a) . Using this criteria alone Cases 1 and 3 appear in the Level 1 category while Case 2 appears in the Level 2/3 category. Investigating Control Anticipation Parameter (CAP) vs. damping ratio ζ SP , the second part of the criteria yields further separation between the cases, as seen in Figure 6 (b) . From these figures it can be seen that the cases are set to be correlated so that Case 1 has a predicted HQR of level 1, Case 2 has a predicted HQR of level 2, and Case 3 has a predicted HQR of level 3, with Case 4 being not classifiable because the short period is unstable. 
B. Simulation Traces (Linear and Nonlinear)
Simulation test cases were run on each plant test case before L 1 adaptive control was applied and then afterwards to contrast performance with and without L 1 controller augmentation. For brevity only the responses with L 1 are shown here. A double command ( Figure 7 ) was given to both linear and nonlinear models to assure that the L 1 controller and underlying models were behaving similarly. Figure 8 shows responses for all four cases in Table 2 . For reference Case 1 is the desired case for all responses. While Cases 2 -4 do not identically match Case 1, the response in all cases showed similarities, even for the open-loop unstable case. Further the CASTLE (nonlinear model) and the Simulink (linear model) are not identical but very similar as well, showing that the system is responding as desired for both linear and nonlinear models. 
V. Piloted Simulation Trial
For this study a piloted simulation trial was conducted with two experienced test pilots, referred to as Pilots A and B. One pilot is a retired U. S. Navy Test Pilot with over 3300 flight hours, and a graduate of the Empire Test Pilot School. The other pilot is currently a U. S. Air Force Test Pilot with 3000 flight hours and a graduate of the U. S. Air Force Test Pilot School.
A. Piloted Task Definition
The simulation trial was broken into two parts, the first (referred to as task 1) being a fully disclosed trial where a stick rap impulse was used to excite the different aircraft plant cases, both with and without L 1 augmentation to familiarize the pilot with the different responses from each case. The instruction to the pilot can be found below.
Objective: Observe and qualitatively comment on the short period natural frequency and damping for each airframe. This is not a blind test.
Task: Obtain level flight, 360 KEAS at 10000 ft. Trim aircraft, and verify with hands off stick. Quickly pull aft on the control stick and release to excite the short period mode of the aircraft with an impulse force. Observe and comment on the rise time and overshoot of the response to estimate flying qualities of the aircraft.
After the pilot was introduced to all eight cases (four with L 1 augmentation, and four without L 1 augmentation), a new set of tasks were performed (referred to as task 2). A target aircraft that is another F-16 using the Stevens and Lewis model 29 with a maneuver autopilot 34 was flown ahead of the piloted aircraft at a constant altitude of 10,000 ft and 360 KEAS (709 ft/sec). The piloted aircraft was positioned 1000 ft behind and 200 ft below the target aircraft. The pilot was to aggressively capture the target aircraft within a bulls-eye found on the cockpit windshield. An example of the pilot's view can be found in Figure 9 . The pilot was to rate the difficulty of the task using the Cooper Harper Rating Scale. 19 The pilot was not told which aircraft model he was flying during the testing. The instruction to the pilot can be seen below.
Objective: Evaluate longitudinal flying qualities in a dynamic tracking task using CooperHarper rating scale, note this is a blind test. Task: Place tail light of lead aircraft just outside of the top ring in the bulls-eye, while maintaining 9800 ft altitude and near level flight, and approximate co-speed with the lead aircraft. When ready pull back on the control stick abruptly to move the target aircraft into the lower ring of the bulls-eye within 1 second. Then move the aircraft into the center of the bulls-eye within 1 second. The entire task should take approximately 2 seconds.
Adequate: Outer Ring Desired: Inner Ring 
B. Simulation Trial Results
Task 1
When asked to characterize the four aircraft models without L 1 augmentation both pilots were able to give responses that correlated with predicted model behavior. Pilots A and B both described model 1 as "deadbeat." Both pilots noticed the lower damping and slower frequency in model 2 as well. Pilot A responded that model 3 had "a lot of overshoot" and "poor damping" and that "the aircraft felt like it was going to diverge but did not." Pilot B concurred that model 3 had poor damping as well. Pilot A referred to model 4 as having an "aperiodic divergence." When the L 1 controller was engaged Pilot B could not tell any difference in all four model responses, although he did state that the controls felt "heavier." He further noted that all four models felt deadbeat, and "right on." Both pilots noted that the aircraft had to be re-trimmed with L 1 engaged. With L 1 engaged Pilot A noticed small differences between models 3 and 4 but felt that models 1 and 2 behaved the same when L 1 was engaged.
Task 2
The Cooper Harper ratings given by each pilot are presented in two forms in Table 4 and in Figure 10 . Pilot ratings as presented in Figure 10 do show that a significant improvement in aircraft handling does occur with L 1 off versus L 1 on. Further, agreement between aircraft model 1 with L 1 off is found with all L 1 on aircraft model cases. Both pilots judged all L 1 controller cases as well as case 1 L 1 off (baseline reference case) as being either a 3 or 4 on the Cooper Harper scale. Pilot B correctly identified cases where the L 1 controller was on versus off with the exception of the L 1 off aircraft model 1 case. As Pilot A was given more exposure to the different airframes with L 1 controllers he noted that he was "learning the airplane" and that the task became easier. With airframe case 2 and L 1 on, Pilot A remarked "nothing to it," and with airframe case 4 and L 1 on he remarked "very easy," although some pilot compensation was required. Pilot A felt that the task as described for the case 2 and case 4 airframes with no L 1 compensation was not achievable. 1  3  4  3  4  2  10  2  8  3  3  6  3  9  4  4 10 3 9 3 Overall comments from both pilots on the eight different aircraft models presented noted that there was a considerable amount of re-trimming required for each aircraft model presented. Also, a lack of control harmony between the pitch and roll axes caused both pilots to pay more attention to the lateral aircraft response than expected. In general, a considerable separation between ratings were found with the L 1 controller on vs off for all but the case 1 airframe.
According to MIL-F-8785C, Level 1 flying qualities are "clearly adequate for the mission Flight Phase," Level 2 flying qualities are "adequate to accomplish the mission Flight Phase, but some increase in pilot workload or degradation in mission effectiveness or both," and Level 3 flying qualities are "such that the airplane can be controlled safely, but pilot workload is excessive or mission effectiveness is inadequate, or both." Taking this as guidance, and to simplify data correlation, this study will take achievement of desired criteria (Cooper Harper rating of 1 -4) as a level 1 flying quality, achievement of adequate criteria (Cooper Harper ratings of 5 and 6) as level 2 flying quality, and Cooper Harper rating of 7 -9 as Level 3 flying quality. Using this as a correlation between Cooper Harper rating and flying quality rating, all L 1 cases were level 1, although several were on the lower edge of level 1. Most L 1 off cases, however were level 3.
While aircraft simulation and flying real aircraft are similar, deficiencies in a simulation will make drawing direct conclusions from flying qualities data imprecise. This principle may explain why aircraft model case 1 was a marginal level 1 flying quality aircraft, although preliminary analysis shows it lying directly in the heart of the MIL-F-8785 level 1 envelope. Further complicating the analysis of the pilot rating is that only one pilot rated one airframe as a Level 2 flying quality aircraft although by prediction using MIL-F-8785C both pilots should have rated aircraft model case 2 as level 2 and case 3 as level 3. Noting that the majority of L 1 off cases were rated as level 3 by the pilots also raises the possibility that the task assigned may have been too difficult and over exposed the weaknesses of the predicted level 2 and level 3 aircraft.
VI. Conclusions
A L 1 controller was successfully implemented into the piloted simulator at Virginia Tech. This simulator now has the basic building blocks to serve as a test bed for future L 1 flying qualities research. Using the developed simulation, the flying qualities of the test airframes were shown to be enhanced by the L 1 controller in cases where the aircraft model was predicted to have deficient flying qualities. While pilot ratings are often more qualitative than quantitative, the overarching results show that using L 1 control aided in achieving the desired task with pilot control. With these promising results, future work should continue to investigate L 1 performance in a piloted environment. A better understanding of the correlation between predicted flying qualities and test results is desired. Future work should include reevaluating the piloted task as well as including more pilots to enlarge the pilot evaluation sampling. An expansion of the work here should also include incorporating L 1 control into a more complex aircraft model as well as investigation into lateral directional aircraft flying qualities.
